Introduction
Anticoagulant therapy is a cornerstone of treatment for patients with acute coronary syndromes (ACS) and is vital to the safe conduct of percutaneous coronary interventions (PCI); however, more effective antithrombotics inherently increase bleeding. Novel approaches that maintain or improve efficacy without increasing bleeding are needed.
Aptamers are single-stranded nucleic acids that form unique sequence-dependent three-dimensional structures. 1, 2 Aptamers are unique in that a complementary nucleic acid controlling agent can bind through Watson-Crick base pairing, alter the conformation of, and inactivate its target aptamer. 2 -4 As the degree of reversal is directly related to the molar ratio of administered components, reversal of aptamer activity can be titrated to the patient's clinical condition. The REG1 system consists of pegnivacogin, a single-stranded RNA factor IXa inhibitor, and its complementary reversal agent, anivamersen, which binds to and inactivates pegnivacogin with rapid kinetics (Figure 1 ).
5 REG1 has been studied in a series of Phase 1 studies 4 -7 and a Phase 2a feasibility study in a small cohort (n ¼ 22) of stable patients undergoing elective PCI. 8 These studies demonstrated that in stable patients, pegnivacogin administered at doses of ≥0.75 mg/kg completely inhibits factor IX activity and that femoral sheath removal after 100% reversal appeared safe. The relationship between the degree of reversal and bleeding and the feasibility of using REG1 to prevent ischaemic events in patients with ACS undergoing PCI have not been established. The RADAR (A Randomized, Partially Blinded, Multicenter, Active-Controlled, Dose-Ranging Study Assessing the Safety, Efficacy, and Pharmacodynamics of the REG1 Anticoagulation System in Patients with ACSs) trial was designed to: (1) determine the degree of anivamersen-mediated pegnivacogin reversal required to mitigate bleeding and allow early sheath removal following cardiac catheterization and (2) assess the feasibility of using the factor IX inhibitor pegnivacogin to prevent ischaemic events in patients with ACS managed with an early invasive approach. 9 An early substudy was included to confirm near complete factor IXa inhibition with the selected pegnivacogin dose in this ACS population. 4, 10 Methods
Study population and design
The design of RADAR has been previously published. 9 RADAR was a Phase 2b, international, adaptive design, partially blinded, dose-ranging clinical trial. The protocol was approved by institutional review boards or ethics committees at each institution and all patients provided written informed consent prior to participation.
Eligibility criteria
Eligible patients were required to have a minimum of 10 min of ischaemic symptoms within 72 h of enrolment associated with (1) dynamic ST-segment changes, or (2) elevated troponin I or T or CK(MB), or (3) a history of coronary artery disease by angiography. In addition, patients had to have planned cardiac catheterization via femoral arterial access within 24 h of randomization. Major exclusion criteria included: (1) ST-segment elevation myocardial infarction (MI); (2) weight .120 kg; (3) prior use of low molecular weight heparin within 3 days or of warfarin, bivalirudin, fibrinolytic agents, or glycoprotein IIb/IIIa inhibitors within 7 days of enrolment; (4) planned use of .7 French sheaths, intraaortic balloon pumps, or other support devices; or (5) an inability to take aspirin or a thienopyridine.
Randomization and study intervention
Using a central interactive voice response system, patients were randomized 3:1 to open-label REG1 with sheath removal 10 min postprocedure or heparin with sheath removal per the standard of care. Aspirin and thienopyridine pre-treatment (clopidogrel or prasugrel) were recommended. Patients not previously treated with thienopyridines were to receive a loading dose (300 or 600 mg of clopidogrel or prasugrel, as indicated). For patients on chronic thienopyridine therapy, the administration of an additional loading dose was left to the discretion of the physician. Glycoprotein IIb/IIIa inhibitors were recommended in patients assigned to heparin. Patients randomized to REG1 received pegnivacogin (1 mg/kg over 1 min intravenously) pre-procedure and were randomized, in a 2:1:1:2 ratio, to a blinded post-procedure dose of anivamersen of 0.075, 0.2, 0.4, or 1 mg/kg to achieve 25, 50, 75, or 100% reversal, respectively. 4,7 Doses were chosen based on early phase clinical studies predicting that 1 mg/kg pegnivacogin would reliably achieve near complete factor IXa inhibition and the previously defined relationship between anivamersen dose and the degree of reversal of pegnivacogin activity. 4 -8 Additional openlabel anivamersen (1 mg/kg, a dose sufficient to completely reverse all pegnivacogin activity) could be administered if haemostasis was not achieved after 20 min. Patients who underwent coronary artery bypass graft (CABG) surgery received open-label complete reversal prior to surgery and unfractionated heparin during surgery. Patients randomized to heparin were treated using a standardized recommended dosing algorithm prior to and during catheterization and underwent femoral arterial sheath removal at a time consistent with local standard practice. 9 As it is customary to utilize anticoagulation Figure 1 The REG1 anticoagulation system, consisting of pegnivacogin (RB006) and its complementary controlling agent anivamersen (RB007).
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post-procedure for deep vein thrombosis prophylaxis in some locations, this was allowed per local practice in all subjects. For all patients undergoing sheath removal using manual compression, pressure was maintained for 10 min and, if haemostasis had not been achieved, manual compression was applied for an additional 10 min. Vascular closure devices were allowed 10 min after anivamersen dosing or per the standard of care in heparin patients. An ambulation challenge was recommended within 2 h post-sheath removal in REG1 patients and per the standard of care for heparin patients.
Endpoint definitions
The primary endpoint was total bleeding through 30 days. 9 Major bleeding was defined as intracranial, intraocular bleeding or haemarthrosis, access site haemorrhage requiring intervention, ≥5 cm access site haematoma, a reduction in haemoglobin levels of ≥4 g/dL without overt bleeding or ≥3 g/dL with an overt bleeding source, re-operation for bleeding, or need for any transfusion of blood products. Minor bleeding constituted any clinically evident bleeding not meeting the criteria for major bleeding. The composite ischaemic endpoint was death, non-fatal MI, urgent target vessel revascularization, or recurrent ischaemia in the target vessel distribution through 30 days. Specific procedural complications, including abrupt or threatened coronary artery closure, distal embolization, clot formation on catheters or wires, no reflow, or any other thrombotic complication, were recorded at the time of catheterization.
All bleeding and ischaemic events were adjudicated by an independent clinical events committee blinded to the study treatment using original source documents.
Statistical methods
We projected a 20% absolute rate of total bleeding in the heparin arm and in the REG1 arm with 25% reversal. 9 Based on a projected enrolment of 800 patients, the trial had 80% power to detect a 50% relative (10% absolute) reduction in bleeding in the REG1 with 100% reversal arm compared with patients in the heparin or REG1 with 25% reversal arms at an a of 0.05. The trial employed an adaptive design. The data safety monitoring board (DSMB) reviewed efficacy (bleeding) and safety (ischaemic event) data after enrolment of 100, 200, and 400 patients. Based on pre-specified criteria, the DSMB could recommend the cessation of enrolment into lower reversal REG1 arms if excessive bleeding was observed or into the higher reversal REG1 arms for excessive ischaemic events. 9 Patients who would have been randomized to discontinued arms were randomized to the remaining reversal arms, maintaining the same overall sample size and a 3:1 randomization between REG1 and heparin. Analyses were performed at the Duke Clinical Research Institute with full access to the trial database. All analyses except adverse events were performed on an intention-to-treat basis. Rates of adverse events were analysed according to the actual treatment received. Odds ratios (ORs) and 95% confidence intervals (CIs) were provided for the ischaemic event composite (comparing REG1 with heparin) and for bleeding events (comparing REG1-100% reversal with heparin and REG1-100% reversal with REG1-25% reversal). Statistical testing for these comparisons was performed using Fisher's mid-p test. Events following CABG surgery were not systematically collected and censored per protocol. Evaluation for trends between the reversal dose and decreases in bleeding were performed using a Cochran-Armitage Trend test with a one-sided P-value. All analyses were performed using SAS version 9.2 (SAS Institute Inc., Cary, NC, USA).
Results

Baseline clinical and demographic characteristics
Between September 2009 and November 2010, 640 patients were randomized at 67 centres in the USA, Poland, Germany, Canada, France, and the Netherlands. Baseline characteristics were well balanced between arms. Patients qualifying for the trial had positive cardiac biomarkers (53.1%), ST-segment changes (25.6%), or a history of coronary artery disease (50.3%) ( Table 1) .
Study drug and cardiac catheterization
Of patients randomized to REG1, 98.9% received pegnivacogin. Use of thienopyridines was high and similar in the REG1 and heparin arms ( Table 2) . Cardiac catheterization was performed in 98% of patients at a median (25th, 75th) of 2.3 (1.5, 3.7), 2.0 (1.3, 3.6), 1.7 (0.9, 2.7), and 2.0 (1.2, 3.4) h after randomization in the 25, 50, 75, and 100% reversal arms, respectively, and at 1.8 (0.9, 2.9) h in the heparin arm. The median (25th, 75th) time from the end of coronary angiography or PCI to sheath removal was 23 (16, 43 ) min in REG1-randomized patients vs. 184 (11, 316) min in patients randomized to heparin.
Glycoprotein IIb/IIIa inhibitor use was low in both arms but modestly higher among patients randomized to heparin. The vast majority of glycoprotein IIb/IIIa inhibitor use after randomization (97%) was started during catheterization or PCI.
Outcomes Bleeding
Following the DSMB review of the first 100 patients randomized, enrolment into the 25% reversal arm was stopped due to an excess of bleeding. The final patient distribution and follow-up is summarized in Figure 2 .
Rates of 30-day total and major bleeding are shown in Figure 3 . Bleeding was substantial in the 25% reversal arm. Other than the 25% reversal arm, rates of total bleeding were similar among the REG1 and heparin arms. Major bleeding was lower in a dose-related fashion with higher reversal strategies (P ¼ 0.01 for trend). Open-label anivamersen to effect full reversal was used in 30.8, 5.3, 5.1, and 2.6% of the 25, 50, 75, and 100% reversal arms, respectively. There was a lower rate of total bleeding with REG1 and 100% reversal compared with REG1 and 25% reversal ( Figure 3 ). Similar differences were observed when considering only patients enrolled in the 100% reversal arm prior to the discontinuation of the 25% reversal arm, and after adjusting for baseline differences between the 25 and 100% reversal arms. The rate of total bleeding in the 100% reversal arm was similar to the heparin arm.
When examining the incidence of bleeding from randomization through hospital discharge, anivamersen dose was directly related to both total and major bleeding (Figure 4 ). There was a trend towards lower bleeding in the 100% reversal arm compared with heparin (OR 0.7, 95% CI 0.4-1.1; P ¼ 0.10), with a strong relationship between the degree of reversal and major bleeding among REG1-treated subjects (P ¼ 0.001).
Major (89.8%) and total bleeding (88.3%) were predominantly access site-related. One heparin-treated patient suffered an intracranial haemorrhage and major gastrointestinal bleeding occurred in three patients assigned to REG1 and one patient assigned to heparin. A total of eight (1.7%) REG1 and four (2.5%) heparin patients received non-CABG-related transfusions. There were no haemarthroses, or urinary tract or intraocular bleeding events.
Ischaemic events
The composite of 30-day death, non-fatal MI, urgent target vessel revascularization, or recurrent ischaemia in the target vessel distribution was numerically lower in patients assigned to REG1 than heparin ( Figure 5 ). Ischaemic events were rare and evenly distributed between the various reversal arms ( Table 3 ). The majority of ischaemic events were non-fatal periprocedural MIs. Target vessel revascularization occurred in ,1% of patients and was not related to the degree of reversal. No periprocedural thrombus formation on the wire or catheters was observed in REG1-treated patients, and no patients required transition from pegnivacogin to heparin during the conduct of PCI.
Adverse events
The rates of adverse events and serious adverse events (60 and 16% in patients treated with REG1 and 55 and 11% in patients treated with heparin) were similar between REG1-and heparintreated patients.
Three patients had allergic-like reactions shortly after pegnivacogin administration; two of these reactions were serious. The first patient had a history of allergic urticaria treated with corticosteroids and antihistamines 1 month prior to enrolment. She developed nausea, pruritus, and shortness of breath 5 min after pegnivacogin administration and was treated with corticosteroids, antihistamines, and short-term vasopressor support with resolution of all symptoms within 2 h of onset. The second patient had a history of allergy to radiographic contrast and multiple other allergies. She developed generalized urticaria without respiratory or haemodynamic changes, and was treated with steroids and antihistamines with resolution within 25 min. The third patient had listed allergies to beta-blockers and steroids. After receiving pegnivacogin, she developed dyspnoea and cutaneous tingling. She was treated with corticosteroids, antihistamines, and haemodynamic support after developing tachycardia prompting cardioversion. Following the third event, enrolment was put on hold. After a review of completed enrolment and aggregate event information, it was felt that the trial had sufficient data to meet its main objectives and enrolment was stopped. To determine if there were additional unrecognized allergic-like reactions, we examined the database for adverse events possibly representing unrecognized milder allergic reactions occurring within 24 h of pegnivacogin administration ( Table 4) . A full listing of all adverse events reported is available in the online supplementary materials at European Heart Journal online.
Discussion
RADAR met its primary objectives, defining that at least 50% pegnivacogin reversal is required to allow early sheath removal after cardiac catheterization via a femoral approach and suggesting that near complete inhibition of factor IXa with pegnivacogin, followed by anivamersen-mediated reversal, may provide a strategy that permits effective periprocedural anticoagulation without increased bleeding despite immediate post-procedure sheath removal.
Pharmacodynamic dose verification
Factor IXa activity and thrombin generation are heightened among patients with ACS, 11, 12 and anticoagulant dosing from stable patients may not translate to more acute settings. We therefore felt it important to verify that dosing based on early phase studies resulted in near complete factor IXa inhibition in RADAR. Our pharmacodynamic substudy demonstrated that pegnivacogin at 1 mg/kg achieves near complete and stable inhibition of factor IXa activity in patients with ACS undergoing cardiac catheterization.
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Bleeding
The primary objective of RADAR was to define the degree of pegnivacogin reversal required to allow prompt femoral sheath removal at the conclusion of cardiac catheterization. RADAR demonstrated that 25% reversal of pegnivacogin anticoagulation is inadequate, while an Controlled anticoagulation in ACS anivamersen dose that achieves at least 50% pegnivacogin reversal is sufficient to allow early removal of femoral sheaths with bleeding rates that appear similar to those observed with heparin. Assessment of bleeding between REG1-and heparin-treated patients may have been biased by the open-label assignment of these groups. The incidence of minor bleeding between discharge and 30-day follow-up was higher in REG1-treated patients, and did not vary with reversal strategy. Since patients who were randomized to high levels of reversal had normalized coagulation parameters prior to discharge, there may have been ascertainment bias with greater attention to the identification of minor bleeding in patients treated with REG1 compared with those receiving heparin. Major bleeding, which may be less subject to ascertainment bias, appeared more directly related to the dose of anivamersen and was numerically lower in the 100% reversal group compared with heparin. The rate of use of open-label anivamersen to normalize coagulation parameters mirrors these results. These results, however, require confirmation in a larger and preferably blinded clinical trial.
Ischaemic events
Given the availability of reversal with anivamersen, we chose a dose of pegnivacogin that would reliably achieve near complete inhibition of factor IXa. High-dose direct factor Xa inhibition has resulted in improved efficacy but with dose-limiting bleeding. 13 RADAR suggests that a strategy of high-level anticoagulation followed by controlled reversal might be attractive in patients with ACS undergoing invasive management. A theoretical concern is that immediate, complete reversal of anticoagulation might result in an increased risk of acute thrombotic complications. Although the number of events is low, we did not observe any increase in acute (,24 h) or short-term (30 days) thrombotic events with higher levels of reversal.
Factor IXa inhibition
Factor IXa is a theoretically attractive target but has not been validated as a clinically effective target for therapeutic anticoagulation.
14 Factor IXa is the proximal driver of thrombin generation 15 and is directly activated by foreign materials, and increased factor IX activity has been associated with a higher incidence of clinical thrombotic events. 11, 12 In addition, factor IX concentrations are lower and less variable than those of factor X or thrombin, making consistent high-level target inhibition theoretically more achievable. The results of this study suggest that factor IXa inhibition does represent a viable and potentially effective strategy for anticoagulation. There were no cases of intraprocedural thrombosis, clots formed on equipment, or 'bail-out' use of heparin that might suggest inadequate intraprocedural anticoagulation. 16 
Timing of sheath removal
By design, REG1 patients underwent prompt sheath removal postprocedure, while subjects randomized to heparin had their sheaths removed according to the local standard of care. This resulted in a substantial difference in the time from the end of the procedure to sheath removal between these strategies. Delayed sheath removal has been repeatedly shown to be associated with bleeding. 17 -19 The use of vascular closure devices reduces the time to sheath removal; however, they have not consistently been shown to reduce bleeding complications and may increase vascular complications. 20 -22 While radial access also allows early sheath removal, it results in greater patient and operator radiation exposure, 23 may not improve cardiac outcomes, 24 and is not compatible with procedures requiring larger sheath sizes.
Allergic-like reactions
Ribonucleic acid aptamers are inherently non-immunogenic and extensive analysis in pre-clinical models and early clinical trials 5 -7 has failed to demonstrate aptamer-mediated complement activation. The nucleic acid component of pegnivacogin is connected to a 40 kD polyethyleneglycol (PEG) chain to increase its stability and prolong its half-life. While antibodies to PEG have been reported, 25 -27 their incidence is low and first exposure reactions to PEG are uncommon.
Whether the three events observed in RADAR represent an inherent immunogenic property of pegnivacogin, reactions due to patient-specific factors, a random clustering of otherwise rare events, or a manifestation of degradation or contamination in the study drug is under investigation. Investigation of the study drug has not revealed product degradation, lot specificity, or other manufacturing issues as a cause. Each reaction occurred soon (,30 min) after pegnivacogin administration and prior to the administration of contrast. Potential mechanisms of such reactions might include direct complement activation, mast cell activation, or antibody-mediated mechanisms. Extensive primate studies as well as monitoring performed throughout Phase 1 (n ¼ 161) revealed no evidence of complement activation. While mast cell activation has not been specifically evaluated, there were no clinical signs suggestive of pegnivacogin-mediated mast cell activation.
Given the first exposure nature of the observed reactions, antibody-mediated mechanisms would require cross-reactivity between pegnivacogin and a pre-formed antibody. The modifications to and size of the oligonucleotide make first-exposure reactions unlikely. Prior exposure to the PEG component could be a possible culprit. In this regard, the prior history of allergy in each of the subjects might be relevant. If and when pegnivacogin is studied in subsequent clinical trials, systematic screening for allergy history, routine collection of blood samples for analysis, initial enrolment of lower risk patients, and appropriate education and management plans for potential allergic reactions should be considered.
Limitations
The partially open-label design makes comparisons between REG1 and heparin subject to potential bias; however, the primary comparison of bleeding among REG-1 reversal strategies was blinded. As a Phase 2 trial, RADAR was not powered to determine the safety or efficacy of REG1 compared with other anticoagulant strategies. We used a relatively liberal definition of major bleeding to increase our ability to detect differences among groups. Similar definitions have been used in other Phase 2 28 and Phase 3 studies, 29, 30 and the use of a stricter definition excluding haematoma as a major bleeding criterion did not affect the results. Finally post-randomization decisions, including administration of open-label heparin, may have both influenced and been influenced by post-randomization bleeding and ischaemic events.
Conclusion
At least 50% anivamersen-mediated reversal of pegnivacogin is required to effectively mitigate bleeding after early femoral sheath removal in invasively managed patients with ACS. Adequately powered randomized clinical trials are warranted to determine the safety and efficacy of factor IXa inhibition with REG1 compared with other anticoagulation strategies in patients who require high-intensity, short-term anticoagulation.
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